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(Voce, Ludwik and Khan-Huang-Liang model), considering the interacting effects of temperature and strain rate, are implemented into M-K model to investigate the sheet formability of AA5086 under different temperatures (20, 150 and 200ć) and strain rates (0.02, 0.2 and 2s -1 ). With the algorithm developed in this work, the influences of the initial groove angle on limit strains and FLCs are investigated. Results show that the initial groove angle has distinguishing influences on limit strains under different strain paths. When the strain path is in the range from 0 to 0.4, forming limits are always achieved with a zero groove angle. While when the strain path is not in the range from 0 to 0.4, limit strains depend greatly on the initial groove angle. The limit strains obtained with a zero groove angle in the literatures overestimate clearly its true sheet formability.
Finally, the calculated limit strains are compared with experimental data obtained by Marciniak test under different forming conditions. Therefore, this work could provide an effective method to obtain the sheet formability more accurately by the M-K model. 
Introduction
The formability of metal sheets is currently evaluated widely by the forming limit curves (FLCs) proposed by Keeler and Backofen [1] . In the theoretical methods for obtaining the FLCs, Marciniak-Kuczynski (M-K) model is the most widely used one. The M-K model was proposed by Marciniak and Kuczynski [2] , in which an initial geometrical imperfection was assumed to trigger the occurrence of the localized necking, as shown in Fig.1 . The imperfection is 4 characterized by a long groove, which may be caused by local grain size, alloy inhomogeneity or non-uniform sheet thickness distribution etc.. In the original M-K model, the initial groove is perpendicular to the principal axis-1 (Ȍ 0 =0), as shown in Fig. 1 (a) , and it can be only applied to calculate the limit strains on the right side of FLCs. Nowadays, the M-K model has undergone great improvements, becoming one of the most important tools to predict forming limits of metal sheet. Using the M-K model, Sowerby and Duncan [3] analyzed the occurrence of localized necking under biaxial tension state when the minor strain was positive. Hutchinson et al. [4] extended the M-K model to negative strain paths in the case that the initial groove inclined at an angle Ȍ 0 with respect to the principal axis-1 ( Fig. 1 (b) ). Their work showed that limit strains varied with the initial groove orientation under uniaxial tension state (noted as Ȍ 0 0 in the following context when the limit strains are calculated by considering the variation of the initial groove angle). For anisotropic materials, Barata Da Rocha et al. [5] also found that limit strains were mostly obtained with a non-zero initial groove angle. Therefore, in the current literatures, many scholars considered the variation of the initial groove angle when the M-K model was used to obtain the left side of the FLCs, and the minimum value of the calculated limit strains with all angles was set as one point on the FLCs. But for the right side of FLCs, most scholars assumed that forming limit 5 was independent of the initial groove angle and the strain obtained with Ȍ 0 =0 was regarded as the Aluminum alloys are very sensitive to strain rate at elevated temperatures, and their sheet formabilities are affected by both temperature and strain rate [23] . However, in current literatures, simple constitutive models were generally adopted for the deduction of M-K algorithm. The interacting effects of temperature and strain rate were well not taken into account, which lowered the accuracy of the predicted FLCs. Even though a few scholars considered the variation of the initial groove angle, there was little research about whether the initial groove angle has influence on the right side of FLCs and what the influence is. Therefore, the object of this work is to deduce the M-K algorithm for predicting the FLCs of AA5086 sheet by combining Hill48 anisotropic yield criterion and three complex constitutive models (modified Voce, Ludwik and KHL model).
The influences of the initial groove angle in the M-K model on limit strains and the entire FLCs will be investigated. The comparison between predicted FLCs with the M-K model and 8 experimental ones by Marciniak tests under different forming conditions will also be carried out in the work.
Material characteristic

Uniaxial tensile test
To obtain the true stress-strain curves of AA5086 sheet, whose mechanical properties are shown in Table 1 
Table1
Mechnical properties of AA5086 sheet at ambient temperature. 
Constitutive models
In this section, three different constitutive models (Voce, Ludwik and KHL model) are modified and material parameters of each constitutive model are obtained by the inverse analysis. 10 The detailed modification process and parameter identification procedure were described in the previous work of present co-author [24] . Here, only the expressions, identified material parameters and the comparison between the predicted stress-strain curves and experimental data are shown.
Modified Voce constitutive model
The modified Voce constitutive model is expressed as:
Where, 0 T σ˄ ˅ is the yield stress at a certain temperature, ε and ε are equivalent plastic strain and equivalent plastic strain rate, respectively.
, , , , and
material parameters. For AA5086, the material parameters of the constitutive model are obtained by the inverse analysis, as listed in Table 2 .
Table 2
Material parameters of the modified Voce constitutive model for AA5086.
0.004532 0.9434 0.00903 0.00009159 0.03153
Modified Ludwik constitutive model
The modified Ludwik constitutive model is expressed as: Table 3 .
Table 3
Material parameters of the modified Ludwik constitutive model for AA5086.
( )
537.41 0.9753 0.5667 0.0007207 0.00008811 0.0319
Modified KHL constitutive model
The modified KHL constitutive model is expressed as:
( )
Where, T m =627ć is the melting temperature of AA5086, T r =20ć is the reference temperature, , , , , , and
B n n n m C C are material parameters of the modified KHL constitutive model.
The identified values of AA5086 are listed in Table 4 .
Table 4
Material parameters of the modified KHL constitutive model for AA5086. 
Yield criterion
In this paper, Hill48 yield criterion is used to describe the yield characteristic of anisotropic 13 materials and its general expression is [25] :
Where, x, y and z are along the rolling direction, transverse direction and normal direction of the sheet, respectively. H, F, G, N, L and M are anisotropic constants of the sheet, which are determined by uniaxial tensile tests. In our previous work [26] , the anisotropic parameters of AA5086 in Hill48 yield criterion have been obtained by experiment, as shown in Table 5 . Table 5 Anisotropic parameters of AA5086 sheet in Hill48 yield criterion [26] .
Formula derivation and algorithm of the Marciniak-Kuczynski (M-K) model
In order to study the influence of the initial groove angle of the M-K model on forming limits, the model with the initial groove inclined at an angle Ȍ 0 with respect to the principal axis-1 is taken in this paper, as shown in Fig.1 (b) . The initial thickness imperfection is characterized by an initial imperfection factor 0 f : 
Basic hypotheses of the M-K model
In the M-K model, the sheet is assumed to be in a plane stress state ( 13
Then Hill48 yield criterion is reduced to: Incompressibility condition is assumed during this analysis:
Basic equations of the M-K model
The same force in the direction-n is transmitted across Zone a and Zone b. Therefore, the two zones must satisfy the force equilibrium equations, as expressed by: (11) by Butuc et al. [12] , which is also adopted in this work. 
Computing process of the limit strains with the M-K algorithm
For the sake of convenience, the following simplified expressions are used: 
Using the transformation matrix, the stress and strain components in the n-t local coordinate system can be calculated according to the corresponding values in the global one. Combined the flow rule (Eq. (7)), the equilibrium equations (Eq. (9)) and the compatibility equation (Eq. (10)), the following non-linear equations can be obtained: 
Where, the material's flow stress Firstly, the Jacobian matrix J is calculated: 
The components of the Jacobian matrix are obtained as follows: ( 1) sin cos sin cos The iterative process of Newton-Raphson method is: π . Updating Ȍ 0 and return back to
Step 3 if the above condition is satisfied. Otherwise, go to the next step.
(9) Compare limit strains obtained at different initial groove angles under a given strain path and choose the minimum one as the limit point on FLCs.
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(10) Check whether the strain path ȡ is less than 1. If it is true, return back to Step 2. Otherwise, stop the whole computational process. 
Results discussion based on the M-K model
Influence of the necking criterion on the FLCs
According to the equilibrium equations (Eq. (9)) and the compatibility condition (Eq. (10) 
Influence of the initial groove angle on limit strains and FLCs
The influence of the initial groove angle in the M-K model on limit major strains is investigated with the algorithm developed in this work, as shown in Fig. 8 , which is calculated with the modified Voce constitutive model and Hill48 yield function. It can be observed from Fig. 8 that the initial groove angle has great influence on limit major strains under different strain paths, and accordingly the entire strain path range is divided into three parts.
For the left side of FLCs ( Fig. 8(a), ȡ<0) , with the increasing initial groove angle, limit major strain decreases at first and then increases, and this tendency becomes much more obvious when the deformation condition is close to uniaxial tensile state. Thus, FLCs are sensitive to the initial groove angle under negative strain paths. To accurately determine the FLCs, varying initial groove 22 angles in the M-K model should be considered, which is consistent with the treating approaches and conclusions in the literatures.
But for the right side of FLCs, when the strain path is in the range between 0 to 0.4, the limit major strain shows a monotonic increase with the rising initial groove angle and the minimum limit major strain is always obtained with Ȍ 0 =0.
However, when strain path is in the range from 0.5 to 1.0, the dependence of limit major strain on initial groove angle shows a similar tendency to that in the left side of FLCs. With the increasing initial groove angle, limit major strain decreases at first and then increases, and this tendency becomes more obvious when strain path is close to 1.0. Therefore, according to the above analysis, for a strain path in the range from 0.5 to 1.0, the sheet formability in literatures obtained by assuming initial groove angle equal to zero overestimates clearly its true sheet formability.
Moreover, an interesting phenomenon can be observed from Aghaie-Khafri and Mahmudi [28] found that for AA3105-H and AA8011, FLCs predicted by the power law-equation was higher than that by the Voce model. For AA3003-H111, Abedrabbo et al.
[ 29] pointed out that the Voce hardening law predicted lower FLCs than that by the power law.
Influence of yield criterion on FLCs
In this section, the modified Voce constitutive model will be used as an example to investigate the influence of yield criterion on FLCs, as shown in Fig. 11 . than that with Von Mises yield criterion. The similar conclusion is also found in the work of Butuc et al. [12] , in which the M-K model was used to study the influence of yield criterion on FLCs of AA6016.
Execution of Marciniak tests and verification of the developed algorithm
In this section, Marciniak tests under different strain rates (0.02, 0.2 and 2s From the figure, both temperature and strain rate have significant influences on forming limits.
The positive effect of temperature and the negative effect of strain rate on the forming limit can be clearly observed. For a given strain rate, the FLC 0 (the value of major strain under plane strain 27 state) increases obviously with increasing temperatures except that the whole FLCs at 20 and 150 ć are very close when the strain rate is 2s -1 . On the contrary, the FLC 0 decreases with increasing strain rate at a given temperature. At 150ć, when the strain rate reduces from 2s -1 to 0.2s -1 and 0.02s -1 , the order of the FLC 0 increment is 35% and 92%, respectively. In addition, due to the interacting effects of temperature and strain rate, the positive effect of temperature on sheet formability may be offset by the negative effect of strain rate. A further observation shows that, at high temperature for example as shown in Fig.16 (b) , when the strain path is greater than 0.5 and the strain rate is relatively low (0.2s -1 ), the predicted 31 FLCs with Ȍ 0 0 agree better with experimental data than those with Ȍ 0 =0. But for higher strain rates (2s -1 ), when the strain path is greater than 0.5, the predicted FLCs with Ȍ 0 0 do not show better matches with experimental ones than those with Ȍ 0 =0. And when the strain ratio is low, both cases show little discrepancy which consistent with the conclusion in Section 4 that no limit strain difference between the cases with Ȍ 0 0 and Ȍ 0 =0 is found when the strain path is within 0.4.
Taking into account that material parameters in all constitutive models are identified with only low strain levels (below 0.18), the use of material parameters identified with low strains may lead to inaccurate or uncertain prediction of FLCs at high strains.
In order to further verify the algorithm and conclusions obtained in this work, in the following future, material parameters will be identified by more enough experimental data (e.g. hot compression test). And also, more Marciniak tests will be performed to cover a larger strain path range.
Conclusions
In this work, the M-K algorithm is developed by combining Hill48 anisotropic yield criterion and three complex constitutive models. The influence of the initial groove angle of the M-K model on limit strains and FLCs are investigated. The conclusions are drawn as follows:
(1) Under different strain paths, the initial groove angle has markedly different influence on limit major strains. When the strain path is less than 0 or greater than 0.5, limit strain depends greatly on the initial groove angle of the M-K model. In this case, the various initial groove angles must be taken into account when calculating FLCs. However, in most current literatures, the influence of the initial groove angle is ignored, resulting that the calculated FLCs overestimates clearly its true sheet formability. When the strain path is between 0 and 0.4, the minimum limit 32 strain obtained with a zero initial groove angle. In this case, when calculating FLCs, the variation of initial groove angle could be neglected. 
